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First-principles studies of the geometry and energetics of the Si36 cluster are performed by searching 17
structural isomers including cage, wire, and stuffed fullerene. It is found that the tricapped-trigonal-prism unit
is not the structural unit for Si36 , and the stable structure is identified to have a more spherical geometry
derived from the stuffed fullerene configurations. This is in agreement with the experiment which suggested a
structural transition from the elongated geometry to a more spherical one for the medium sized silicon cluster
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In recent years, with the advent of flexible and precise
experimental techniques, the well-controlled small carbon
clusters became experimentally accessible, such as C20
@1–4#, C28 @5#, and C36 @6–14#. C20 is the smallest fullerene
cage @3,4#, and C28 together with C20 is the structural unit of
carbon clathrates. Especially C36 can form stable cluster as-
sembled materials with novel properties @6–14#. The rich
structures and interesting properties of carbon fullerenes
have fueled parallel studies of Si clusters, not only because
carbon and silicon are members of the same group in the
periodic table, but more importantly silicon has great poten-
tial applications in computer chips, microelectronic devices,
catalysts, and new superconducting compounds. Recently,
Si20 @15–20#, Si28 @21#, and Si60 @22–32# clusters have been
investigated. It is well established that C20 has dodecahedron
cage structure, while Si20 has a wirelike structure composed
of two Si10 units. Similarly, Si28 also has a wire structure
composed of tricapped-trigonal-prism ~TTP! units @21#. On
the other hand, Si60 prefers to form a more compact structure
@32#. In this paper, we study the structure and energetics of
the Si36 cluster, which is motivated by the following two
points:
~1! TTP units are found to be the structural building
blocks for Si20 and Si28 . A determination, as to the validity
of TTP units as building blocks of Si36 , is quite important
towards a more complete understanding of silicon structural
growth.
~2! Experimental studies of the chemical reactions of size-
selected silicon clusters with ammonia @33# found that the
largest equilibrium reaction constants existed for the Si36
cluster. Although more than 10 years had passed since this
experiment, to the best of our knowledge, no explanation has
been given for this reactivity experiment. It is known that
reactivity of a cluster is intimately related to its electronic
structure, while the latter is sensitively dependent on its ge-
ometry. Therefore, the determination of the geometry of Si36
would be the first step to understand its reactivity.
II. COMPUTATIONAL METHOD
In this paper, we have used density-functional theory
@34,35#. For the exchange-correlation functional, gradient-1050-2947/2003/67~6!/063201~6!/$20.00 67 0632corrected functionals in the form of the generalized gradient
approximation @36# have been chosen. In order to optimize
geometry effectively, a plane-wave basis set is adopted with
the projector-augmented wave ~PAW! method originally de-
veloped by Blo¨chl @37# and recently adapted by Kresse and
Joubert @38#. The particular advantage of the PAW method
over the ultrasoft pseudopotentials is that it can improve ac-
curacy, especially in those cases where the overlap between
the valence- and the core-charge densities and hence the non-
linearity of the core-valence exchange are important. In our
calculations, the cluster is placed in a cubic cell with edge
length of 30 Å, which is sufficiently large to make disper-
sion effects negligible. In such a big supercell, only the G
point can be used to represent the Brillouin zone. The plane-
wave cutoff is 300 eV, which is found to be large enough to
get a good convergence. The structure optimization is sym-
metry unrestricted, and conjugate-gradient algorithm has
been chosen. The optimization is terminated when all the
forces acting on the atoms are less than 0.01 eV/Å.
III. RESULTS AND DISCUSSION
Knowledge of the geometrical structure of clusters is es-
sential to understand their physical and chemical properties.
However, obtaining the ground-state geometry of a large
cluster is not a trivial task as there are many isomers and the
result may depend upon the initial geometry used for optimi-
zation. Moreover, the structures of nano-Si are much more
complicated than those of carbon although both are in the
same group. For example, the pentagon and hexagon are the
basic structural units, not only for carbon fullerene cage and
carbon nanotube but also for carbon nanohorn. However, for
nanosilicon, such a simple structural pattern does not exist.
Many studies have been devoted to this subject and several
structural models are proposed, including fullerene cage
model @39#, TTP model @15,16#, and stuffed fullerene model
@40#. In the recent study, it has been found that 8-atom units
and 6-atom units are important for the large Si cluster @41#.
Based on these findings, we performed an extensive search
for the structure of Si36 .
First we consider the cage structures as shown in Fig. 1.
Cage 1 is a fullerene cage with D6h symmetry, which is
found to be the ground-state geometry for C36 @7#, as shown©2003 The American Physical Society01-1
SUN et al. PHYSICAL REVIEW A 67, 063201 ~2003!FIG. 1. The initial and optimized geometries of Si36 confined to different cage structures.FIG. 2. The initial and optimized geometries of Si36 with wire-
like structure composed of TTP units as building blocks.
FIG. 3. The starting and optimized helix structures for Si36 .06320in Fig. 1~a!. Cage 2 consists of Si18 dimer where each atom
in Si18 has coordination number of four @Fig. 1~b!#. Cage 3 is
composed of three Si12 rings where each Si atom is fourfold
coordinated @Fig. 1~c!#. While six Si6 rings construct cage 4
@Fig. 1~d!#, each Si atom is also fourfold coordinated. Cage 5
is Waterman cage with Oh symmetry, composed of 6
squares, 24 triangles, and 8 hexagons @Fig. 1~e!#. When fully
optimized, the cage structures can be kept for cages 1 and 5,
FIG. 4. The stuffed-fullerene structure ~Stuff28-A). ~a! Si28
fullerene cage with Td symmetry. ~b! The 8-atom core with Td
symmetry that could be encapsulated into Si28 . ~c! The initial
stuffed cage for Si36 with Td symmetry. ~d! The optimized structure
of Si36 .1-2
FIRST-PRINCIPLES STUDIES OF THE GEOMETRY . . . PHYSICAL REVIEW A 67, 063201 ~2003!FIG. 5. Stuff28-B structure.
~a! Si2815 fullerene cage. ~b! The
8-atom core by adding three at-
oms to 5-atom unit. ~c! The ini-
tial stuffed cage with C3v sym-
metry. ~d! The optimized
structure where three atoms ~in
black! are squeezed out from the
core and bonded on the cage sur-
face. ~e! The optimized core. ~f!
The second shell cage.while the other three cages are seriously destroyed.
Next we consider the wire structure. Here, the basic rea-
son is that tricapped trigonal prisms Si9 is found to be the
stacking unit @15,16#, and Si36 may contain four such stack-
ing units. However, there are several ways to assemble these
four units, as shown in Fig. 2. In wire 1, the four units are
stacked strictly along one line, the structure can keep the
symmetry when fully optimized. In wire 2, the four units are
shifted off the line, and the final structure becomes distorted
wire with lower energy. In wire 3, the four units form an
arclike structure, but the final structure becomes wirelike
again. By increasing the curvature, we get wire 4, however,
its energy becomes higher. As for the wire structure, we also
have another candidate, the Boerdijk-Coxeter helix structure,
as shown in Fig. 3, which is a linear stacking of regular
tetrahedrons. Helices and dense packing of spherical objects
are two closely related problems, and the Boerdijk-Coxeter
helix structure is most close-packed for one-dimensional sys-
tem @42#. However, due to the covalent bonding features of
silicon atoms, the optimized structure is seriously distorted
with much higher energy.
Finally, we study the stuffed fullerene structure. The best
example of the Si cluster with stuffed fullerene structure is
Si33 @40#, which is composed of Si28 and Si5. Here, we have
several options for the stuffed structures of Si36 : Si2818 ,
Si3016 , Si3214, and Si3412. However, for the last two cases,
4-atom core and 2-atom core are too small for Si32 cage and
Si34 cage, respectively. Therefore, we consider only the first
two cases to encapsulate 8-atom unit and 6-atom unit, which
are important units for the large Si cluster @41#.06320FIG. 6. The initial and optimized structures for stuff30 configu-
rations.1-3
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We know that C28 cage with Td symmetry consists of 12
pentagons and 4 hexagons @Fig. 4~a!#. Now we put Si8 with
Td symmetry as a core @Fig. 4~b!# inside the cage, the com-
TABLE I. Total binding energy E ~in eV! and HOMO-LUMO
gap ~in eV! for the 17 isomers considered. The last column lists the
symmetries of the initial and optimized ones.
Isomer E HOMO-LUMO Symmetry
Cage 1 139.406 0.657 D6h→D3d
Cage 2 140.680 0.488 C6v→C1
Cage 3 139.603 0.597 D12h→C1
Cage 4 140.328 0.550 D6v→C1
Cage 5 127.236 0.045 Oh→Oh
Wire 1 141.632 0.075 C3h→C3h
Wire 2 142.776 0.532 C1→C1
Wire 3 141.834 0.657 C2→C1
Wire 4 142.490 0.716 C2→C1
Helix 137.003 1.010 C1→C1
Stuff28-A 142.986 0.651 Td→C1
Stuff28-B 143.347 0.331 C3v→C1
Stuff30-A 143.730 0.469 C2→C1
Stuff30-B 143.290 0.224 C2v→C1
Stuff30-C 143.457 0.501 Cs→Cs
Stuff30-D 143.904 0.552 Cs→C1
Stuff30-E 143.234 0.712 C1→Cs06320plex cluster also has Td symmetry @Fig. 4~c!#, which is the
most symmetric stuffed fullerene structure one could find for
Si36 , labeled as stuff28-A. We used it as the initial structure,
when fully optimized, the cluster is distorted with C1 sym-
metry @Fig. 4~d!#, the core is broken, and only five atoms
stay inside the cage, the other three atoms are squeezed out
and joined the outer shell.
There is another way to construct Si2818, which is equiva-
lent to Si281513. Figure 5~a! shows Si2815, we can add an-
other three atoms to the core as shown in Fig. 5~b!, then we
orient the core to make the complex structure having C3v
symmetry @Fig. 5~c!#. When fully optimized, the structure
becomes onionlike @Fig. 5~d!#, labeled as stuff28-B. The first
shell is a 5-atom core with triangle bipyramid configuration
@Fig. 5~e!#, and the second shell is 28-atom cage @Fig. 5~f!#.
It is interesting to note that these first two shells correspond
to optimized geometry of Si33 @40#. In stuff28-B , there are
three atoms moving out from the core and bind on the sur-
face of Si33 , which suggests again that Si28 cage is too small
to encapsulate Si8 unit.
2. Stuffed Si30¿6 structures
The ground-state geometry for C30 is C2v structure @43#,
which is taken for Si30 . We first choose the 6-atom core as
an octahedron with two orientations, its C4v axis is parallel
and perpendicular to the C2v axis of Si30 , resulting in theFIG. 7. ~a! Pair correlation function, ~b! vibrational spectra, and ~c! DOS for stuff30-D structure in Fig. 6.1-4
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Fig. 6. Similarly, for the core of triangular prism Si6, its C3v
axis is arranged to be parallel and perpendicular to the C2v
axis of Si30 , which gives the configurations of stuff30-C and
stuff30-D , respectively, in Fig. 6. Finally, we consider Si6
core with the structure of triangular bipyramid. Due to space
limitation of the Si30 cage, the C3v axis of core can only be
oriented in parallel to the C2v axis of outer cage, labeled as
stuff30-E in Fig. 6. All the five stuffed fullerene structures
are distorted during the geometry optimization. In the first
three cases, the cores are destroyed but still being encapsu-
lated inside the cage, while for the last two configurations,
the skeletons of the cores are kept.
In Table I, we list the total binding energy, highest occu-
pied molecular orbit-lowest unoccupied molecular orbital
~HOMO-LUMO! gap, and the symmetry for all the 17 iso-
mers considered above. Stuff30-D structure in Fig. 6 has the
lowest energy, about 1.13 eV lower than that of the most
stable wire configuration ~wire 2 in Fig. 2!. We can see that
the fullerene cage and TTP unit cannot be used to construct
the equilibrium geometry for Si36 . Although the wire con-
figuration is more stable than the fullerene cage, the struc-
tural transition from the elongated geometry to a more
spherical one has already taken place in Si36 . This is in
agreement with the experimental findings @44,45#.
Figure 7 shows more detailed information about the
stuff30-D structure. The pair correlation function @Fig. 7~a!#
suggests that the maximum diameter for this stuffed cage is
about 9.5 Å, and the average nearest-neighbor bond length is
FIG. 8. ~Color! ~a! The HOMO and ~b! LUMO orbitals with the
isosurface values of 10.02 ~in red! and 20.02 ~in blue! for stuff30-
D structure in Fig. 6.06320about 2.3 Å. The stability for this structure is checked by
calculating the vibrational spectra, as shown in Fig. 7~b!. All
the frequencies are real, suggesting that the structure is dy-
namically stable as well. Figure 7~c! shows the density of
states ~DOS! with Gaussian broadening of 0.1 eV, the Fermi
level is shifted to zero. In order to get some qualitative un-
derstanding for the experiment of Si36 reacting with ammo-
nia @33#, we plot the two frontier HOMO and LUMO orbitals
in Figs. 8~a! and 8~b!, respectively. We can see that these two
frontier orbitals are quite delocalized in space, which sug-
gests that there would be many potential absorption sites on
the Si36 cluster surface. This may be one of the possible
reasons why Si36 shows quite a large equilibrium reaction
constants when reacting with ammonia @33#. However, a full
understanding of this reactivity experiment demands detailed
studies, this work is still in progress.
IV. SUMMARY
In summary, we have studied the structure and energetics
of the Si36 cluster by using first-principles method. We found
that stuff30-D configuration in Fig. 6 is most stable. This
structure has two important features: ~1! It is a stuffed
fullerene cage. ~2! A 6-atom unit is encapsulated, which is
found to be an important structural unit for the larger Si
cluster. This structure is more stable in energy and more
spherical in shape as compared to those of TTP wire. Al-
though the tricapped-trigonal-prism stacking rule is valid for
Si20 @15,16# and Si28 @21#, the structural transition from the
elongated geometry to more spherical one has taken place in
Si36 . The delocalized HOMO and LUMO orbitals may result
in many potential absorptive sites on this cluster surface,
therefore, large equilibrium reaction constants could be ex-
pected for some reactions. All these results are in agreement
with experiments.
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